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Edited by Barry HalliwellAbstract We report for the ﬁrst time that bovine or human
CuZnSOD plus H2O2 can catalyze human lipoprotein oxidation,
inducing like free copper ions a typical oxidative kinetics with
lag and propagation phases. Free copper released from CuZn-
SOD by H2O2, but not enzyme peroxidase activity and carbon-
ate radical anion, is responsible for lipoprotein oxidation, which
is indeed totally inhibited by copper chelators and BHT but unaf-
fected by bicarbonate. Moreover, lipoprotein oxidation is signif-
icantly counteracted by the OH scavengers formate and azide,
which can enter the active site of CuZnSOD and decrease copper
release through scavenging of copper-bound OH; benzoate and
ethanol, which cannot enter, are instead ineﬀective, indicating no
oxidative involvement of free OH escaped from the enzyme ac-
tive site. The possibility of CuZnSOD/H2O2-catalyzed lipopro-
tein oxidation in vivo is discussed.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In recent years, it has become increasingly evident that vascu-
lar oxidative injury and low density lipoprotein (LDL) oxida-
tion are important steps in atherogenesis [1–4]. The most
widely studied pathway for lipoprotein oxidation involvesmetal
ions, especially copper [3–5]. Indeed, this redox-active metal has
a high capacity to oxidize lipoproteins owing to its speciﬁc bind-
ing to apo B-100 followed by site-speciﬁc oxidant generation
[3–5]. The source of free copper able to foster lipoprotein oxida-
tion in vivo is not yet well known; however, the metal may be
released from ceruloplasmin, which is the major copper-vehicu-
lating protein in the bloodstream, by oxidant species [6–8]. At
tissue level, copper is bound to other proteins, including cop-
per,zinc superoxide dismutase (CuZnSOD). This enzyme cata-
lyzes the dismutation of superoxide anion and is therefore
considered an important endogenous antioxidant; in the pres-*Corresponding author. Address: Patologia Medica, Policlinico di
Colle dellAra, Via dei Vestini, 66013 Chieti Scalo, Italy. Fax: +39 0871
551615.
E-mail address: piersd@tiscalinet.it (D. Lapenna).
0014-5793/$22.00  2004 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2004.11.081ence of hydrogen peroxide (H2O2), however, CuZnSOD may
become prooxidant as a result of copper-dependent formation
of the highly reactive radical species hydroxyl radical (OH)
[9–11]. Albeit the CuZnSOD/H2O2 system has been shown to
oxidize small organic molecules [9–11], it is to date unknown
whether it could also induce human lipoprotein oxidation. This
issue has been addressed here in speciﬁc model systems.2. Materials and methods
2.1. Reagents and lipoprotein preparation
Reagents were from Sigma–Aldrich Corp. (St. Louis, MO, USA),
including bovine and human erythrocyte CuZnSOD (EC 1.15.1.1),
which were used as purchased.
The non-high-density lipoprotein (non-HDL) fraction, namely LDL
plus VLDL, was obtained from EDTA plasma of healthy adults as
previously reported [12,13], using dextrane sulfate (mol. wt. 500 000)
plus MgCl2 to precipitate the fraction itself and remove EDTA. The
buﬀers used were prepared using sterile pyrogen-free water and treated
with Chelex 100 resin.2.2. Lipoprotein oxidation
The non-HDL fraction (0.1 mg protein/ml) was incubated at 37 C
in quartz cuvettes with CuZnSOD (1, 3 or 6 lM) and H2O2 (0.19, 0.37
or 0.75 mM), in phosphate buﬀered saline (PBS), pH 7.4. Lipoprotein
oxidation was basically assessed through continuous spectrophotomet-
ric monitoring of absorbance increase at 234 nm due to conjugated
dienes (CD) formation during lipid peroxidation [12,13]. Reference
cuvettes contained lipoproteins plus CuZnSOD, in PBS, pH 7.4. After
addition of H2O2 to start oxidative reactions, further instrumental
‘‘zero’’ was performed and kinetics of lipoprotein oxidation was then
continuously monitored. Under these experimental conditions, reagent
absorption is spectrophotometrically excluded, and absorbance in-
crease at 234 nm is due only to CD formation. Molar extinction coef-
ﬁcient of CD was considered to be 29 500 at 234 nm [12,13].
In other experiments, the eﬀects of the OH scavengers sodium for-
mate, sodium azide, sodium benzoate and ethanol (all 4 mM), of the
copper chelators ethylenediaminetetraacetic acid (EDTA) and 1,5-
diphenylcarbohydrazide (DPCH) (both 0.05 mM), and of the lipo-
philic chain breaking antioxidant butylated hydroxytoluene (BHT,
0.3 mM) were evaluated on CuZnSOD/H2O2-catalyzed human lipo-
protein oxidation. Since some antioxidants gave interference problems
in the continuous spectrophotometric monitoring of absorbance in-
crease at 234 nm, another methodological approach was here used to
assess lipoprotein oxidation. The non-HDL fraction (0.1 mg non-
HDL protein/ml) was oxidized for 3 h at 37 C by 6 lM CuZnSOD
plus 0.75 mM H2O2, with or without the aforementioned antioxidants,
in PBS, pH 7.4. At the end of the incubation period, lipoprotein lipids
were extracted with chloroform/methanol (2:1, v/v); the CD-containing
chloroform phase was dried under a stream of argon, resuspended in
cyclohexane and read spectrophotometrically at 234 nm against an
appropriate blank to measure CD.blished by Elsevier B.V. All rights reserved.
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Fig. 1. CuZnSOD/H2O2-induced human lipoprotein oxidation: eﬀects
of varying enzyme concentrations. The non-HDL fraction (0.1 mg
non-HDL protein/ml) was induced to oxidize in the presence of 0.75
mMH2O2 plus 6, 3 or 1 lM bovine erythrocyte CuZnSOD (traces 1–3,
respectively), in PBS, pH 7.4. Lipoprotein oxidation was assessed
through continuous specrophotometric monitoring of absorbance
increase at 234 nm due to CD formation. The results are representa-
tives of six similar experiments.
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able to induce analytically detectable lipoprotein oxidation. The non-
HDL fraction (0.1 mg/ml) was incubated for 48 h at 37 C with the
CuZnSOD/H2O2 system in PBS, pH 7.4, and, after dialysis against
PBS to remove H2O2, lipid hydroperoxides (LOOH) formed from lipo-
protein oxidation were assessed by the sensitive ferrous oxidation in
xylenol orange (FOX) assay reported by Deiana et al. [14]. Appropri-
ate controls, namely the non-HDL fraction alone, as well as the non-
HDL fraction plus CuZnSOD or H2O2, were speciﬁcally considered.
Bicarbonate can favor the peroxidase activity of CuZnSOD and in-
duce the formation of the oxidizing radical species carbonate radical
anion ðCO3Þ [15]; thus, in speciﬁc experiments the lipoprotein oxida-
tive activity of the CuZnSOD/H2O2/bicarbonate system was evaluated.
Since bicarbonate, at physiological concentration of 25 mM, induces
PBS alkalization and pH changes may be relevant to lipoprotein oxi-
dation, experiments were carried out in 250 mM potassium phosphate
buﬀer, pH 7.4, whose pH value was instead unaﬀected by 25 mM
bicarbonate. It is of note that such buﬀer did not inﬂuence signiﬁcantly
lipoprotein oxidation nor enzyme copper release in comparison with
PBS. Kinetics of CD formation during lipoprotein oxidation was mon-
itored spectrophotometrically at 234 nm and 37 C as reported above,
using 0.1 mg non-HDL protein/ml, 6 lM CuZnSOD and 0.75 mM
H2O2, in 250 mM potassium phosphate buﬀer, pH 7.4, containing or
not 25 mM sodium bicarbonate. Under analogous experimental condi-
tions, we also assessed the eﬀect of the CuZnSOD/H2O2/bicarbonate
system on the oxidation of 50 lM NADPH, which was followed spec-
trophotometrically at 340 nm [15].
2.3. Assessment of H2O2-induced copper release from CuZnSOD
Copper release from CuZnSOD induced by H2O2 was assessed using
DPCH as the metal colorimetric detector [16,17]. Reaction systems
contained CuZnSOD (1, 3 or 6 lM), H2O2 (0.19, 0.37 or 0.75 mM)
and 0.5 mM DPCH, in PBS, pH 7.4. Absorbance at 495 nm related
to the DPCH-copper(II) complex formation was monitored spectro-
photometrically for 120 min at 37 C against an appropriate CuZn-
SOD- and DPCH-containing blank. H2O2-induced enzyme copper
release was also evaluated with and without 25 mM sodium bicarbon-
ate in 250 mM potassium phosphate buﬀer, pH 7.4. Copper concentra-
tions were calculated using a standard curve of CuCl2. Notably, H2O2
did not interfere in the reaction of DPCH with copper(II).0
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Fig. 2. CuZnSOD/H2O2-induced human lipoprotein oxidation: eﬀects2.4. Statistics
Data were calculated as means±S.D. The eﬀects of varying CuZn-
SOD and H2O2 concentrations on lipoprotein oxidation and enzyme
copper release, as well as those of antioxidants and bicarbonate, were
analyzed by one-way analysis of variance (ANOVA) plus Bonferroni
or Student–Newman–Keuls test, as appropriate [18]; comparisons be-
tween bovine and human CuZnSOD were computed by unpaired Stu-
dents t test [18]. P < 0.05 was considered statistically signiﬁcant [18].of varying H2O2 concentrations. The non-HDL fraction (0.1 mg non-
HDL protein/ml) was induced to oxidize in the presence of 6 lM
bovine erythrocyte CuZnSOD plus 0.75, 0.37 or 0.19 mMH2O2 (traces
1–3, respectively), in PBS, pH 7.4. Lipoprotein oxidation was assessed
as reported in Fig. 1 legend. The results are representatives of six
similar experiments.3. Results
3.1. CuZnSOD/H2O2-catalyzed lipoprotein oxidation
Unless otherwise indicated, the following results of lipopro-
tein oxidation (and enzyme copper release) are referred to
experiments performed in the absence of bicarbonate and with
bovine erythrocyte CuZnSOD, which is widely used also for its
relative inexpensiveness.
The CuZnSOD/H2O2 system was capable of oxidizing the
non-HDL fraction with a typical metal-dependent kinetic pat-
tern characterized by lag and propagation phases (Figs. 1 and
2), whilst CuZnSOD or H2O2, when used alone, showed no
oxidative activity. Lipoprotein oxidation was dependent on
the concentrations of both CuZnSOD (Fig. 1, Table 1) and
H2O2 (Fig. 2, Table 1). In particular, lag time of oxidation
was signiﬁcantly prolonged, while propagation rate of oxida-
tion and maximal yield of CD formation were reduced,
decreasing CuZnSOD or H2O2 concentrations (Figs. 1 and 2,
Table 1). Remarkably, the human enzyme form has a lipopro-tein oxidative activity similar to the bovine one. Indeed, 3 lM
human erythrocyte CuZnSOD plus 0.75 mM H2O2 could oxi-
dize the non-HDL fraction (0.1 mg non-HDL protein/ml) with
values of lag time of oxidation, propagation rate of oxidation
and maximal yield of CD formation of, respectively, 75.5±3.4
min, 0.28±0.026 nmol CD/min/mg non-HDL protein and
31.3±2.6 nmol CD/mg non-HDL protein, as compared to
76.3±3.6 min, 0.26±0.023 nmol CD/min/mg non-HDL pro-
tein and 29.8±2.3 nmol CD/mg non-HDL protein detected
with 3 lM bovine erythrocyte CuZnSOD plus 0.75 mM
H2O2 (P = NS; n = 5).
Non-HDL oxidation catalyzed by the CuZnSOD/H2O2 sys-
tem was totally inhibited by the copper chelators EDTA and
DPCH, as well as by BHT, but not by benzoate and ethanol,
Table 1
CuZnSOD/H2O2-catalyzed human non-HDL oxidation: eﬀects of
varying CuZnSOD and H2O2 concentrations
LTO PRO Max CD
0.75 mM H2O2 plus:
1 lM CuZnSOD 127.5±8 0.12±0.01 20.3±1.4
3 lM CuZnSOD 77.5±3.8* 0.27±0.025* 31±2.5*
6 lM CuZnSOD 57.2±3.4* 0.62±0.06* 40.9±3.3*
3 lM CuZnSOD plus:
0.19 mM H2O2 185±7 0.13±0.015 16.7±1.3
0.37 mM H2O2 95±4
* 0.19±0.018* 24.5±2.2*
0.75 mM H2O2 77.5±3.8
* 0.27±0.025* 31±2.5*
Lipoprotein oxidation was assessed through continuous spectropho-
tometric monitoring of CD formation. LTO: lag time of oxidation
(min); PRO: propagation rate of oxidation (nmol CD/min/mg non-
HDL protein); Max CD: maximal yield of CD formation (nmol CD/
mg non-HDL protein).
Means±S.D. of 6 independent experiments. *P < 0.05 vs. the preced-
ing values.
Table 2
H2O2-induced copper release from CuZnSOD: eﬀects of varying
enzyme and H2O2 concentrations
Lag phase of
copper release (min)
Copper release
rate (nmol/min)
0.75 mM H2O2 plus:
1 lM CuZnSOD 57.5±1.4 0.015±0.0007
3 lM CuZnSOD 31.5±3.3\ 0.037±0.002\
6 lM CuZnSOD 18±1.3\ 0.052±0.003\
3 lM CuZnSOD plus:
0.19 mM H2O2 90±6 0.016±0.0008
0.37 mM H2O2 43.3±4
\ 0.026±0.001\
0.75 mM H2O2 31.5±3.3
\ 0.037±0.002\
Stated bovine erythrocyte CuZnSOD and H2O2 concentrations were
incubated for 120 min at 37 C in PBS, pH 7.4, containing 0.5 mM
DPCH, and copper release was assessed through continuous spectro-
photometric monitoring of absorbance increase at 495 nm due to the
DPCH–Cu2+ complex formation.
Means±S.D. of 6 independent experiments. *P < 0.05 vs. the preced-
ing values.
D. Lapenna et al. / FEBS Letters 579 (2005) 245–250 247which were ineﬀective (38.8±3.6 and 39.7±3.8 nmol CD/mg
non-HDL protein, respectively, vs. 39.3±3.5 nmol CD/mg
non-HDL protein of control experiments, P = NS; n = 5). On
the other hand, formate and azide inhibited signiﬁcantly lipo-
protein oxidation by about 46% and 56.5% (21.3±1.9 and
17±1.5 nmol CD/mg non-HDL protein, respectively, vs.
39.3±3.5 nmol CD/mg non-HDL protein of control experi-
ments, P < 0.05; n = 5). Interestingly, in some experiments
carried out with copper ions, i.e., 3 lM CuCl2, to induce
non-HDL oxidation, EDTA, DPCH and BHT aﬀorded a total
antioxidant protection, further suggesting that the lipoprotein
oxidative activity of the CuZnSOD/H2O2 system is copper-
dependent, whereas the OH scavengers, including formate
and azide, were ineﬀective (not shown). Thus, the antioxidant
properties of formate and azide are speciﬁc for CuZnSOD/
H2O2-catalyzed lipoprotein oxidation, which is not apparently
initiated by free OH.
If CuZnSOD/H2O2-catalyzed lipoprotein oxidation were
caused by copper released from CuZnSOD, then a similar ex-
tent of oxidation should occur replacing the enzyme by an
appropriate amount of free copper ions, namely corresponding
to that mobilized from CuZnSOD after the lag time of metal
release but various minutes before initiation of lipoprotein oxi-
dation, which is indeed preceded by an intrinsic lag phase.
Considering the experiments performed with the highest reac-
tant concentrations, i.e., 6 lMCuZnSOD plus 0.75 mM H2O2,
where the mean lag time of copper release and non-HDL oxi-
dation was 18 and 57 min, respectively (Figs. 1 and 3, Tables 1
and 2), we selected a copper concentration corresponding to
that on average released from the enzyme after 39 min incuba-
tion with H2O2, namely 1 lM. Moreover, since only a minute
H2O2 amount (3–4%) is reportedly consumed after 39 min
incubation with CuZnSOD in the absence of bicarbonate
[15], we also selected as appropriate a H2O2 concentration of
0.725 mM. These metal and H2O2 concentrations may be ex-
pected to induce a proﬁle of non-HDL oxidation characterized
by a lag time of about 18 min (57 minus 39 min), with values of
propagation rate and maximal yield of CD formation similar0
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Fig. 3. H2O2-induced copper release from CuZnSOD: eﬀects of
varying enzyme concentrations. Bovine erythrocyte CuZnSOD, at 6,
3 or 1 lM ﬁnal concentration (traces 1–3, respectively), was incubated
with 0.75 mM H2O2, in PBS, pH 7.4, containing 0.5 mM DPCH as the
copper colorimetric detector. Copper release was assessed through
continuous specrophotometric monitoring of absorbance increase at
495 nm due to the DPCH–Cu2+ complex formation. The results are
representatives of six similar experiments.to those occurring with the system formed by 6 lM CuZnSOD
plus 0.75 mM H2O2. This was indeed the case, as shown in
experiments carried out with 1 lM CuCl2, 0.725 mM H2O2
and 0.1 mg non-HDL protein/ml, in PBS, pH 7.4, which re-
sulted in a lag time of oxidation of 18.6±1.5 min, followed
by oxidative propagation rate and maximal yield of CD forma-
tion of, respectively, 0.59±0.04 nmol CD/min/mg non-HDL
protein and 40.3±3.1 nmol CD/mg non-HDL protein
(n = 5). Notably, these latter values are similar to those re-
ported in Table 1 with 6 lM CuZnSOD plus 0.75 mM
H2O2, once again suggesting that free copper released from
CuZnSOD is responsible for CuZnSOD/H2O2-mediated lipo-
protein oxidation.
The lowest concentration of CuZnSOD and H2O2 able to
foster lipoprotein oxidation detectable in the FOX assay
was, respectively, 0.2 and 70 lM, which resulted in
0.93±0.12 nmol LOOH/mg non-HDL protein (n = 4). After
48 incubation, no LOOH formation could be instead detected
in the controls speciﬁcally considered.
Bicarbonate did not inﬂuence signiﬁcantly non-HDL oxida-
tion catalyzed by 6 lM CuZnSOD plus 0.75 mM H2O2. In-
deed, in the presence of 25 mM bicarbonate, lag time of
248 D. Lapenna et al. / FEBS Letters 579 (2005) 245–250oxidation, propagation rate of oxidation and maximal yield of
CD formation were, respectively, 61.8±4.3 min, 0.63±0.08
nmol CD/min/mg non-HDL protein and 43.5±3.8 nmol CD/
mg non-HDL protein, as compared to 62.7±4.5 min,
0.61±0.07 nmol CD/min/mg non-HDL protein and 41.8±3.5
nmol CD/mg non-HDL protein of control experiments per-
formed without bicarbonate (P = NS; n = 5). On the other
hand, it is noticeable that, similar to a previous report [15],
the CuZnSOD/H2O2/bicarbonate system could oxidize
NADPH at a rate of 0.47±0.03 lM/min (n = 4); thus, CO3 ,
which is eﬀectively produced by such system under the exper-
imental conditions used, can oxidize directly non-lipid organic
substrates like NADPH but not lipoproteins outside the en-
zyme.
3.2. H2O2-induced copper release from CuZnSOD
Free copper was undetectable with CuZnSOD plus DPCH
alone, namely in the absence of H2O2. As a result of the inter-
action of H2O2 with CuZnSOD, free copper was instead mobi-
lized from the enzyme becoming available for DPCH
complexation. H2O2-induced copper release from CuZnSOD,
which is associated with enzyme inactivation, has been previ-
ously reported [19,20]; however, we herein show for the ﬁrst
time the kinetics of such release using DPCH and varying reac-
tant concentrations. Enzyme free copper release by H2O2 was
characterized by a lag phase, which was dependent upon the
reagent concentrations, i.e., it was shorter at higher CuZnSOD
or H2O2 concentrations (Figs. 3 and 4; Table 2). This lag phase
is conceivably related to the time required for oxidant-induced
destruction of the conformational integrity of the enzyme ac-
tive site, resulting in its incapability to keep bound copper
which is so mobilized [19,20]. The rate of copper release after
the lag phase was also dependent upon the reagent concentra-
tions, increasing at higher CuZnSOD or H2O2 concentrations
(Figs. 3 and 4; Table 2). However, the percentage amounts of
copper released from CuZnSOD were basically dependent on
the H2O2:enzyme molar ratio, namely they increased at higher
values of such a ratio. Indeed, in experiments performed with0
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Fig. 4. H2O2-induced copper release from CuZnSOD: eﬀects of
varying H2O2 concentrations. Bovine erythrocyte CuZnSOD (3 lM)
was incubated with 0.75, 0.37 or 0.19 mM H2O2 (traces 1–3,
respectively), in PBS, pH 7.4, containing 0.5 mM DPCH as the
copper colorimetric detector. Copper release was assessed as reported
in Fig. 3 legend. The results are representatives of six similar
experiments.varying H2O2 concentrations, 0.56±0.04, 1.83±0.12 and
2.8±0.15 lM copper were released after 120 min from 3 lM
CuZnSOD by 0.19, 0.37 and 0.75 mM H2O2, respectively, cor-
responding to a H2O2:enzyme molar ratio of 63, 123 and 250;
these metal concentrations correspond in turn to about 10%,
30% and 47% of copper released from the enzyme, considering
that CuZnSOD has 2 mol copper/mol enzyme [19].
It is worth noting that H2O2 could induce free copper release
from human erythrocyte CuZnSOD at a rate similar to that re-
ported in Table 2 with the bovine enzyme form; in fact,
0.036±0.003 nmol copper/min was released from 3 lM human
erythrocyte CuZnSOD by 0.75 mM H2O2 after a lag time of
30.7±3.5 min (n = 4; P = NS vs. 3 lM human erythrocyte
CuZnSOD plus 0.75 mM H2O2).
OH generated from H2O2–copper interaction at the
CuZnSOD active site has been implicated in its oxidative
destruction [19–22]; since this OH-dependent phenomenon
eventually results in free copper mobilization, we have tested
the eﬀects of the OH scavengers sodium formate, sodium
azide, sodium benzoate and ethanol (all 4 mM) on copper re-
lease from 6 lM CuZnSOD induced by 0.75 mM H2O2. Ben-
zoate and ethanol had no eﬀect on the rate of copper release
(not shown), which was instead signiﬁcantly decreased by for-
mate and azide to an extent similar to that observed with non-
HDL oxidation, namely by about 43% and 53% (0.028±0.002
and 0.023±0.0017 nmol copper/min with formate and azide,
respectively, vs. 0.049±0.0035 nmol copper/min of control
experiments, P < 0.05; n = 5). The antioxidant eﬀect of for-
mate and azide on CuZnSOD/H2O2-catalyzed non-HDL oxi-
dation may be therefore ascribed to inhibition of enzyme
free copper release, further suggesting that the speciﬁc oxida-
tive activity of the CuZnSOD/H2O2 system is due to copper
mobilization with metal-mediated lipoprotein oxidation.
Finally, bicarbonate did not aﬀect signiﬁcantly H2O2-in-
duced copper release from CuZnSOD. Indeed, in experiments
carried out with 6 lM CuZnSOD, 0.75 mM H2O2 and 25 mM
bicarbonate, lag phase of copper release and metal release rate
were, respectively, 20.4±1.7 min and 0.047±0.0045 nmol cop-
per/min, in comparison with 19.5±1.5 min and 0.051±0.005
nmol copper/min of control experiments performed without
bicarbonate (P = NS; n = 4). These ﬁndings are consistent with
the reported ineﬀectiveness of bicarbonate to protect CuZn-
SOD from H2O2-induced inactivation [15], which is due to oxi-
dative alterations of the active site responsible also for copper
release.4. Discussion
The present study shows that mammalian, namely bovine or
human, CuZnSOD plus H2O2 can catalyze human lipoprotein
oxidation. Some mechanistic aspects have to be considered in
the speciﬁc oxidative activity of the CuZnSOD/H2O2 system.
In the absence of bicarbonate, the oxidative involvement of
CuZnSOD peroxidase activity and copper-bound OH (Cu2+–
OH), formed from metal–H2O2 interaction at the active site
[9,21,22], may be ruled out, considering that biomacromole-
cules like lipoproteins have no access to the milieu around
Cu2+ ligand of CuZnSOD. It has been suggested that OH,
generated from the reaction of H2O2 with copper of the en-
zyme active site, may from here leak inducing oxidative dam-
age outside the CuZnSOD molecule [11]. Such mechanism,
D. Lapenna et al. / FEBS Letters 579 (2005) 245–250 249however, has been criticized [22], and against it argues indeed
the ineﬀectiveness on CuZnSOD/H2O2-mediated lipoprotein
oxidation of ethanol and benzoate, which are scavengers of
free OH with an intrinsic inability to gain access inside the
positively charged active channel of CuZnSOD [11,21]. Given
the speciﬁc lipoprotein oxidant activity of copper [3–5], it is in-
stead feasible that the metal, released from CuZnSOD by
H2O2 as a result of oxidative alterations of enzyme conforma-
tional integrity, promotes lipoprotein oxidation. Accordingly,
the kinetics of non-HDL oxidation is typically copper-depen-
dent [4,12], with evident lag and propagation phases (Figs. 1
and 2). Even more importantly, H2O2 induces enzyme free
copper release (Figs. 3 and 4), which begins several minutes be-
fore the initiation of non-HDL oxidation (Figs. 1 and 2). In
this regard, the lag time of lipoprotein oxidation catalyzed
by the CuZnSOD/H2O2 system comprises two diﬀerent peri-
ods, namely the ﬁrst of enzyme copper release and the second
of intrinsic metal-dependent lipoperoxidation; this latter oc-
curs once an adequate amount of copper is mobilized from
CuZnSOD and can bind to apo B-100, inducing oxidative con-
sumption of endogenous antioxidants (i.e., eﬀective lag time of
lipoprotein oxidation) and then uninhibited propagation of li-
pid peroxidation [4,5]. It is indeed remarkable that the replace-
ment of CuZnSOD by such an adequate amount of free copper
ions (1 lM in the speciﬁc experiments performed) can induce
an extent of non-HDL oxidation similar to that catalyzed by
the CuZnSOD/H2O2 system, whose oxidative activity appears
therefore copper-dependent. In fact, like the lipoprotein
oxidation induced by free copper ions, also that catalyzed by
CuZnSOD plus H2O2 is inhibited by the copper chelators
EDTA and DPCH, which prevent the binding of the metal
to apo B-100 [4,5,12], and by the lipophilic chain breaking
antioxidant BHT, which scavenges the oxidant species, such
as peroxyl (and equivalent) radicals, implicated in the propaga-
tion of lipid peroxidation [4,12,13].
Notably, the OH scavengers formate and azide, but not eth-
anol or benzoate, aﬀord signiﬁcant antioxidant protection
against CuZnSOD/H2O2-mediated lipoprotein oxidation. Our
data indicate that formate and azide, which are instead ineﬀec-
tive on non-HDL oxidation promoted by CuCl2, act decreas-
ing H2O2-induced enzyme copper release; this eﬀect
conceivably occurs through scavenging of Cu2+–OH, which
is responsible for oxidative destruction of a critical metal ligan-
ding histidine residue [9,19–22]. Indeed, formate and azide, dif-
ferently from apolar compounds, are small anions able to
penetrate the positively charged channel conducting to the en-
zyme active site [11,21].
Bicarbonate anions can also enter the active site of CuZn-
SOD and react with Cu2+–OH, resulting in the generation
of the diﬀusible radical species CO3 , which has been shown
to oxidize small organic compounds outside the enzyme [15].
Based on our results, bicarbonate, at physiological relevant
concentration, does not amplify lipoprotein oxidation cata-
lyzed by CuZnSOD plus H2O2, indicating no speciﬁc oxidative
involvement of enzyme peroxidase activity and CO3. Consis-
tently, it has been reported that due to its physicochemical
properties, CO3 does not act as an eﬃcient initiator of lipid
peroxidation [23]. Thus, considering also that enzyme free
copper is released to a similar extent by H2O2 in the absence
or presence of bicarbonate, CuZnSOD/H2O2-catalyzed lipo-
protein oxidation appears in general as a copper-dependent
phenomenon.The physiological signiﬁcance of our observations could be
questioned because CuZnSOD is an intracellular cytosolic en-
zyme, while lipoprotein oxidation conceivably occurs in the
extracellular space (i.e., interstitium) of the arterial wall [1–3].
However, in important atherogenic conditions like dyslipide-
mia and hypertension, vascular CuZnSOD, which may reach
concentrations of about 4 lM in the normal human aorta
[24], is signiﬁcantly localized also extracellularly, probably as
a consequence of plasma membrane alterations leading to cell
enzyme leakage [25]. Moreover, cell disruption may well occur
in inﬂamed, growing or advanced atherosclerotic lesions, with
CuZnSOD release in the extracellular space. Of relevance is
also the presence of another copper,zinc-dependent form of
SOD in the vascular interstitium, namely extracellular SOD
(EC-SOD) [24,26], whose concentrations may be around 1
lM in the normal human aorta [24] or more in atherosclerotic
lesions, where the enzyme undergoes marked induction [27].
Remarkably, the reaction of EC-SOD with H2O2 also results
in enzyme inactivation and OH generation [26,28], suggesting
that both EC-SOD and CuZnSOD could favor lipoprotein oxi-
dation and atherogenic processes. Indeed, there is experimental
evidence of atherogenic eﬀects of EC-SOD and CuZnSOD in
hyperlipidemic conditions [29,30], which notably induce vascu-
lar H2O2 overproduction [31]. H2O2 is similarly overproduced
in the hypertensive arterial wall reaching levels in the hundreds
of micromolar range [32]. Since catalase activity is lacking in
human vascular parietal cells [33], H2O2 burden may occur in
the arterial tissue. Such a burden could be even greater in hu-
man atherosclerotic lesions, which are in fact characterized
by depressed glutathione peroxidase activity [34], activation
of H2O2-producing vascular oxidases [35,36] and inﬂammation
[37]. In this regard, localized H2O2 concentrations of about 0.5
mMmay be produced by activated phagocytes at inﬂammatory
sites [38]. Thus, given these aspects and our experimental data,
it is possible that copper,zinc-dependent forms of SOD plus
H2O2 could promote lipoprotein oxidation in vivo. This issue,
however, warrants further investigation.References
[1] Chisolm, G.M. and Steinberg, D. (2000) The oxidative modiﬁca-
tion hypothesis of atherogenesis: an overview. Free Radic. Biol.
Med. 28, 1815–1826.
[2] Young, I.S. and McEneny, J. (2001) Lipoprotein oxidation and
atherosclerosis. Biochem. Soc. Trans. 29, 358–362.
[3] Heinecke, J.W. (1998) Oxidant and antioxidants in the
pathogenesis of atherosclerosis: implications for the oxidized
low density lipoprotein hypothesis. Atherosclerosis 141, 1–
15.
[4] Esterbauer, H., Gebicki, J., Puhl, H. and Ju¨rgens, G. (1992) The
role of lipid peroxidation and antioxidants in oxidative modiﬁ-
cation of LDL. Free Radic. Biol. Med. 13, 341–390.
[5] Kuzuya, M., Yamada, K., Hayashi, T., Funaki, C., Naito, M.,
Asai, K. and Kuzuya, F. (1992) Role of lipoprotein-copper
complex in copper catalyzed-peroxidation of low-density lipopro-
tein. Biochim. Biophys. Acta 1123, 334–341.
[6] Choi, S.Y., Kwon, H.Y., Kwon, O.B., Eum, W.S. and Kang, J.H.
(2000) Fragmentation of human ceruloplasmin induced by
hydrogen peroxide. Biochimie 82, 175–180.
[7] Swain, J.A., Darley-Usmar, V. and Gutteridge, J.M.C. (1994)
Peroxinitrite releases copper from caeruloplasmin: implications
for atherosclerosis. FEBS Lett. 342, 49–52.
[8] Kang, J.H., Kim, K.S., Choi, S.Y., Kwon, H.Y. and Won, M.H.
(2001) Oxidative modiﬁcation of human ceruloplasmin by peroxyl
radicals. Biochim. Biophys. Acta 1568, 30–36.
250 D. Lapenna et al. / FEBS Letters 579 (2005) 245–250[9] Hodgson, E.K. and Fridovich, I. (1975) The interaction of bovine
erythrocyte superoxide dismutase with hydrogen peroxide: chemi-
luminescence and peroxidation. Biochemistry 14, 5299–5303.
[10] Koningsberger, J.C., van Asbeck, B.S., van Faassen, E., Wieg-
man, L.J.J.M., van Hattum, J., van Berge Henegouwen, G.P. and
Marx, J.J.M. (1994) Copper,zinc-superoxide dismutase and
hydrogen peroxide: a hydroxyl radical generating system. Clin.
Chim. Acta 230, 51–61.
[11] Yim, M.B., Chock, P.B. and Stadtman, E.R. (1990) Copper,zinc
superoxide dismutase catalyzes hydroxyl radical production from
hydrogen peroxide. Proc. Natl. Acad. Sci. USA 87, 5006–5010.
[12] Lapenna, D., Ciofani, G., Bruno, C., Pierdomenico, S.D. and
Cuccurullo, F. (2001) Antioxidant activity of amiodarone on
human lipoprotein oxidation. Br. J. Pharmacol. 133, 739–745.
[13] Lapenna, D., Ciofani, G., Bruno, C., Pierdomenico, S.D.,
Giuliani, L., Giamberardino, M.A. and Cuccurullo, F. (2002)
Vanadyl as a catalyst of human lipoprotein oxidation. Biochem.
Pharmacol. 63, 375–380.
[14] Deiana, L., Carru, C., Pes, G. and Tadolini, B. (1999) Spectro-
photometric measurement of hydroperoxides at increased sensi-
tivity by oxidation of Fe2+ in the presence of xylenol orange. Free
Radic. Res. 31, 237–244.
[15] Liochev, S.I. and Fridovich, I. (2002) Copper,zinc superoxide
dismutase and H2O2. Eﬀects of bicarbonate on inactivation and
oxidations of NADPH and urate, and on consumption of H2O2.
J. Biol. Chem. 277, 34674–34678.
[16] Turkington, R.W. and Tracy, F.M. (1958) Spectrophotometric
determination of ultramicro amounts of copper with 1,5-diphe-
nylcarbohydrazide. Anal. Chem. 30, 1699–1701.
[17] Mikan-Devic, D. (1969) Micromethod for copper determination
in serum and urine with 1,5-diphenylcarbohydrazide. Clin. Chim.
Acta 26, 127–130.
[18] Glantz, S.A. (1987) Primer of Biostatistics, McGraw-Hill, New
York, NY.
[19] Jewett, S.L., Cushing, S., Gillepsie, F., Smith, D. and Sparks, S.
(1989) Reaction of bovine-liver superoxide dismutase with
hydrogen peroxide. Evidence for reaction with H2O2 and HO

2
leading to loss of copper. Eur. J. Biochem. 180, 569–575.
[20] Sato, K., Akaike, T., Kohno, M., Ando, M. andMaeda, H. (1992)
Hydroxyl radical production by H2O2 plus Cu,Zn-superoxide
dismutase reﬂects the activity of free copper released from the
oxidatively damaged enzyme. J. Biol. Chem. 267, 25371–25377.
[21] Hodgson, E.K. and Fridovich, I. (1975) The interaction of bovine
erythrocyte superoxide dismutase with hydrogen peroxide: inac-
tivation of the enzyme. Biochemistry 14, 5294–5299.
[22] Sankarapandi, S. and Zweier, J.L. (1999) Evidence against the
generation of free hydroxyl radicals from the interaction of
copper,zinc superoxide dismutase and hydrogen peroxide. J. Biol.
Chem. 274, 34576–34583.
[23] Augusto, O., Bonini, M.G., Amanso, A.M., Linares, E.;, Santos,
C.C.X. and De Menezes, S.L. (2002) Nitrogen dioxide and
carbonate radical anion: two emerging radicals in biology. Free
Radic. Biol. Med. 32, 841–859.
[24] Stralin, P., Karlsson, K., Johansson, B.O. and Marklund, S.L.
(1995) The interstitium of the human arterial wall contains verylarge amounts of extracellular superoxide dismutase. Arterioscler.
Thromb. Vasc. Biol. 15, 2032–2036.
[25] Sharma, R.C., Crawford, D.W., Kramsch, D.M., Sevanian, A.
and Jiao, Q. (1992) Immunolocalization of native antioxidant
scavenger enzymes in early hypertensive and atherosclerotic
arteries. Role of oxygen free radicals. Arterioscler. Thromb. 12,
403–415.
[26] Fattman, C.L., Schaefer, L.M. and Oury, T.D. (2003) Extracel-
lular superoxide dismutase in biology and medicine. Free Radic.
Biol. Med. 35, 236–256.
[27] Fukai, T., Galis, Z.S., Meng, X.P., Parthasarathy, S. and
Harrison, D.G. (1998) Vascular expression of extracellular
superoxide dismutase in atherosclerosis. J. Clin. Invest. 101,
2101–2111.
[28] Hink, H.U., Santanam, N., Dikalov, S., McCann, L., Nguyen,
A.D., Parthasarathy, S., Harrison, D.G. and Fukai, T. (2002)
Peroxidase properties of extracellular superoxide dismutase. Role
of uric acid in modulating in vivo activity. Arterioscler. Thromb.
Vasc. Biol. 22, 1402–1408.
[29] Sentman, M.-L., Bra¨nnstro¨n, T., Westerlund, S., Laukkanen, M.,
Yla¨-Herttuala, S., Basu, S. and Marklund, S.L. (2001) Extracel-
lular superoxide dismutase deﬁciency and atherosclerosis in mice.
Arterioscler. Thromb. Vasc. Biol. 21, 1477–1482.
[30] Tribble, D.L., Gong, E.L., Leeuwenburgh, C., Heinecke, J.W.,
Carlson, E.L., Verstuyft, J.G. and Epstein, C.J. (1997) Fatty
streak formation in fat-fed mice expressing human copper-zinc
superoxide dismutase. Arterioscler. Thromb. Vasc. Biol. 17, 1734–
1740.
[31] Guo, Z., Mitchell-Raymundo, F., Yang, H., Ikeno, Y., Nelson, J.,
Diaz, V., Richardson, A. and Reddick, R. (2002) Dietary
restriction reduces atherosclerosis and oxidative stress in the
aorta of apolipoprotein E-deﬁcient mice. Mech. Ageing Dev. 123,
1121–1131.
[32] Uddin, M., Yang, H., Shi, M., Polley-Mandal, M. and Guo, Z.
(2003) Elevation of oxidative stress in the aorta of genetically
hypertensive mice. Mech. Ageing Dev. 124, 811–817.
[33] Shingu, M., Yoshioka, K., Nobunaga, M. and Yoshida, K. (1985)
Human vascular smooth muscle cells and endothelial cells lack
catalase activity and are susceptible to hydrogen peroxide.
Inﬂammation 9, 309–320.
[34] Lapenna, D., de Gioia, S., Ciofani, G., Mezzetti, A., Ucchino, S.,
Napolitano, A.M., Calaﬁore, A.M., Di Ilio, C. and Cuccurullo, F.
(1998) Glutathione-related antioxidant defences in human ath-
erosclerotic plaques. Circulation 97, 1930–1934.
[35] Channon, K.M. (2002) Oxidative stress and coronary plaque
stability. Arterioscler. Thromb. Vasc. Biol. 22, 1751–1752.
[36] Griendling, K.K., Sorescu, D. and Ushio-Fukai, M. (2000)
NAD(P)H oxidase: role in cardiovascular biology and disease.
Circ. Res. 86, 494–501.
[37] Ross, R. (1999) Atherosclerosis – an inﬂammatory disease. N.
Engl. J. Med. 340, 115–126.
[38] Dobrina, A. and Patriarca, P. (1986) Neutrophil-endothelial cell
interaction. Evidence for and mechanism of the self-protection of
bovine microvascular endothelial cells from hydrogen peroxide-
induced oxidative stress. J. Clin. Invest. 78, 462–471.
